Background: Natural killer (NK) cells are lymphocytes of the innate immune system that have potent cytotoxic activity against tumor cells. NK cell recognition and activity towards cancer cells are regulated by an integrated interplay between numerous inhibitory and activating receptors acting in concert to eliminate tumor cells expressing cognate ligands. Despite strong evidence supporting the role of NK cells in breast cancer (BC) control, BC still develops and progresses to form large tumors and metastases. A major mechanism of BC escape from NK immunity is the alteration of the expression of NK receptor ligands. The aim of this study was to determine whether NK receptor ligands' mRNA expression might influence prognosis in BC patients and whether these effects differ by molecular subtypes and clinicopathological features.
INTRODUCTION
Breast cancer (BC) treatment has experienced several changes in the past decades due to the discovery of specific prognostic and predictive biomarkers that allowed its classification and enabled the application of more individualized therapies to the different molecular subgroups [1] [2] [3] [4] . Among these biomarkers, steroid hormone receptors such as estrogen receptor (ER) and progesterone receptor (PR) in concert with the oncogene ErbB-2/human epidermal growth factor receptor 2 (HER-2) are critical determinants of the four main molecular subtypes of BC. Tumors of luminal A and luminal B subtypes are hormone receptor-positive (ER and/or PR-positive) and represent around 70% of all BCs [5] . Luminal A tumors are often low grade with slow tumor growth and have the best prognosis. Luminal B cancers generally grow slightly faster than luminal A cancers and have a slightly worse prognosis. Both luminal types are treated with endocrine therapy [5] . On the other hand, HER2-positive subtypes (around 15% of BCs) overexpress HER2, tend to grow faster than luminal cancers and can have a worse prognosis. But, they are often successfully treated with HER2-targeted therapies [6] . Triple negative (also called basal-like) tumors are ER negative, PR negative, and HER-2 negative. Although the basal-like subtype is only found in about 15% of BC diagnoses, it has been shown to be aggressive, unresponsive to treatment and, ultimately, indicative of a poor prognosis [7] [8] [9] [10] [11] . These classical molecular biomarkers (i.e. ER, PR, and HER2) are generally complemented with traditional clinicopathological factors (including tumor grade, lymphnode metastases and p53 status) and conventionally used for patient prognosis and management [12] . Recently, with the introduction of high-throughput technologies, numerous multigene tests such as urokinase plasminogen activator (uPA)-PAI-1, Oncotype DX, MammaPrint, EndoPredict, Breast Cancer Index (BCI) and Prosigna (PAM50), may be performed in specific subgroups of BC patients to predict outcome and aid adjunct therapy decision-making [2] . Current prospective clinical trials are seeking evidence for their definitive role in BC.
The advances in molecular biomarkers and the progress in treatment modalities have together contributed to improvements in overall survival of BC patients. However, in many cases tumors do not respond to the currently available treatments or relapse after initial response [13] . Therefore, new biomarkers are needed to quantify the residual risk of BC patients and to indicate the potential value of additional treatment strategies to eliminate these resistant tumors.
Recent major scientific advances have demonstrated the importance of the immune system in malignant diseases including BC. Both innate and adaptive immune cells actively prevent neoplastic development in a process called 'cancer immunosurveillance' [14] [15] [16] . However, due to their genetic instability, malignant cells can develop several mechanisms to evade immunosurveillance [17, 18] . Therefore, strategies designed to harness the immune system are the focus of several recent promising therapeutic approaches for cancer patients [19, 20] . Natural killer (NK) cells are lymphocytes of the innate immune system that play a critical role in host immune responses against tumor growth and metastasis [21] [22] [23] . Following the progress in NK cell biology field and in understanding NK function, these lymphocytes have recently become a powerful cancer immunotherapy tool that presents several advantages [24] . Furthermore, a significant piece of experimental and clinical evidence supports the role of NK cells in BC control [22, [25] [26] [27] [28] [29] [30] [31] [32] [33] , suggesting that NK cell-based therapy may become a potent strategy for the eradication of residual BC cells, prevention of relapse and improvement of patient survival.
NK cells recognize their target through a complex array of regulatory receptors that monitor cell surfaces of autologous or host cells for an aberrant expression of major histocompatibility complex (MHC) class I molecules and cell stress markers, which frequently occur in cancer cells [34, 35] . In fact, upon cellular transformation, MHC class I expression on the cell surface is often reduced or lost to evade recognition by antitumor T cells. When NK cells encounter transformed cells lacking MHC class I, their inhibitory receptors are not engaged, and the unsuppressed activating signals, in turn, can trigger cytokine secretion and targeted attack of the transformed cells [36, 37] . In parallel, cellular stress and DNA damage (occurring in malignant transformation) result in upregulation of "stress ligands" that can be recognized by activating NK receptors [38] . Thus, human tumor cells that have lost self-MHC class I expression or bear "altered-self " stressinducible proteins are ideal targets for NK recognition and cytotoxicity [36, 39, 40] . However, during cancer progression, tumor cells deregulate the expression of these ligands by several mechanisms in order to escape from NK detection and elimination [41] [42] [43] [44] [45] [46] [47] [48] . Thus, analysis of the expression of NK receptor ligands in BCs may allow the determination of new biomarkers to quantify the residual risk of patients and to indicate the potential value of additional NK-based treatment strategies.
The "Kaplan-Meier plotter" (KM plotter) is an online platform (http://kmplot.com/analysis/) that can be used to assess the effect of 54,675 genes on patient survival using 10,461 cancer samples (including breast, ovarian, lung and gastric cancers). This platform is established by using gene expression data and patient survival information downloaded from Gene Expression www.oncotarget.com Omnibus (GEO) (Affymetrix microarrays only), European Genome-phenome Archive (EGA), and The Cancer Genome Atlas (TCGA). The database is handled by a PostgreSQL server, which integrates gene expression and clinical data simultaneously. The KM plotter was validated and widely used in many studies to identify a number of genes, as prognostic markers or potential drug targets in BC [49] [50] [51] [52] [53] [54] , lung cancer [51, [55] [56] [57] , ovarian cancer [58] [59] [60] and gastric cancer [51, [61] [62] [63] .
The aim of the present study was to determine the prognostic roles of mRNA expression of NK receptor ligands in BC patients and their association with different BC molecular subtypes and clinicopathological features. Therefore, we performed systematic literature screening to select and ascertain all NK-regulatory ligands for NK receptors identified to date. Then, we utilized to KM plotter to analyze their effect on BC patient relapse-free and overall survivals.
RESULTS

Prognostic values of the mRNA expression of NK receptor ligands in BC patients
First, we systematically screened the literature to identify ligands for NK receptors that regulate NK activity and cytotoxicity towards the target cells that express these ligands. In total, we selected 39 NK-regulatory ligands for NK receptors (Table 1) . Among these, 27 ligands for 17 NK receptors that induce the cytotoxic activity of NK cells towards the target cells (NK-activating ligands), 8 ligands for 8 NK receptors whose interaction inhibits the NK activity (NK-inhibitory ligands) and 4 ligands that can bind different NK receptors to either activate or inhibit NK activity (NK-activating and inhibitory ligands).
Next, we used the KM plotter platform to determine the influence of the mRNA expression level of 32 ligands from the identified genes (Table 1 ) on the survival of BC patients. The other 7 ligands (Table 1 , Probe ID = N/A) could not be analyzed because they were not available on the KM plotter (viral genes, Fcγ fragment of IgG, heparan sulfate and three other genes that had no related probe set). The analysis results of the correlation between mRNA expression of the 21 NK-activating ligands for NK receptors and survival are presented in Figure 1A Figure 1A , Red). The longer RFS in the patients expressing high levels of the above-mentioned 16 NK-activating ligands significantly was associated with longer OS for only 7 ligands; CD27, CD48, KMT2E, NECL2, SLAMF6, SLAMF7 and VIM ( Figure 1B, Red) . However, despite the longer RFS, MICA (HR = 1.27, 95% CI = 1.02-1.58, p = 0.048) and ULBP3 (HR = 1.66, 95% CI = 1.19-2.31, p = 0.0075) were associated with shorter OS, while B7-1, B7-2, CD70, MICB, TNFS9, ULBP1 and ULBP4 didn't significantly correlate with OS ( Figure 1B , Red).
On the other hand, patients with high mRNA expression of the NK-activating ligand ULBP2 had significantly worse OS (HR = 1.67, 95% CI = 1.21-2.31, p = 0.0054) and RFS (HR = 1.52, 95% CI = 1.3-1.79, p = 0.00000044). In addition, patients with high mRNA expression of the NK-activating ligands BAT3 (HR = 1.17, 95% CI = 1.04-1.29, p = 0.01), AICL (HR = 1.18, 95% CI = 1.05-1.32, p = 0.0057) and CD58 (HR = 1.23, 95% CI = 1.1-1.39, p = 0.00073) had shorter RFS but not OS. CD72 didn't show any significant effect on OS or RFS.
The correlation between mRNA expression of 7 NK-inhibitory ligands for NK receptors and survival (RFS and OS) in BC patients was also analyzed ( Figure  1A The four ligands that can bind activating and inhibitory NK receptors; HLA-C, HLA-E, NECL5 and NECTIN2 all associate with better RFS and OS, except for NECL5 that only significantly associated with better RFS ( Figure 1A and 1B, Green).
Taken together, these results indicate that the high mRNA expression of most (around 80%) ligands for NK activating and inhibitory receptors associate with better RFS in BC patients. However, while the longer www.oncotarget.com Figure 2 ).
Among the NK-activating ligands that were associated with longer RFS in all BC patients (Figure 1) , the prognostic values of only CD27, MICB, SLAMF6, TNFSF9, and ULBP1 were found to be independent of the BC subtype as their high expression was associated with longer RFS in all BC subtypes (Table 2 ). Other ligands were associated with longer RFS in all subtypes but one; luminal A subtype for B7-1, B7-2, CD48, CD72, and SLAMF7 or basal-like subtype for KMT2E (Table 2) . However, the prognostic value of the other NK-activating ligands was subtype specific. Particularly, ULBP4 associated with longer RFS specifically in luminal B and basal-like subtypes, CD70 associated with longer RFS specifically in luminal B and HER2-positive subtypes while the favorable prognostic significance of VIM was specifically dependent on luminal A and B subtypes ( Table 2 ). On the other hand, AICL and ULBP2 were associated with shorter RFS specifically in luminal A/B and basal-like subtypes, respectively (Table 2) . Contrarily, NECL2, MICA, and BAT3 had opposing prognostic significance depending on the BC subtype ( Table 2) .
Among the NK-activating ligands that were associated with longer OS in all BC patients, the prognostic values of only CD48 and CD27 were found to be independent of the BC subtype as their expression was associated with longer OS in all BC subtypes (Table 2) . Furthermore, SLAMF7 and VIM were associated with longer OS in HER2-positive/basal-like subtypes and luminal A/HER2-positive subtypes, respectively (Table 2) . Contrarily, ULBP2 was associated with worse prognosis specifically in basal-like subtype ( Taking into account all 21 NK-activating ligands as a whole (Figure 2 ), we observed that 43%, 66.5%, 66.5% and 52.4% of these ligands correlated with longer RFS in BC patients with tumors of luminal A, luminal B, HER2-positive and basal-like subtypes, respectively ( Figure  2A , left graph). When analyzing the percentage of NKactivating ligands whose high expression was associated with longer OS, it dropped to 33.3%, 9.6%, 33.3% and 47.7%, respectively ( Figure 3A , right graph). The degree of the loss of the favorable prognostic influence of NKactivating ligands, on OS relative to RFS, varied depending on the BC subtype: slight drop for basal-like subtype (9%), moderate drop for luminal A and HER2-positive subtypes (22.5% and 50% respectively) and dramatic drop for luminal B subtype (85.5% less NK-activating ligands associated with longer OS than with longer RFS) ( Figure  2A ). Interestingly, when comparing the effect of high mRNA expression of the NK-activating ligands on OS, the HR values appeared to be lower in the basal-like and HER2-positive subtypes in comparison to those of luminal A and B subtypes. In fact, the median HR values were 0.55, 0.57, 0.74, and 0.73 for basal-like, HER2-positive, luminal A and luminal B, respectively ( Figure 2B ). In other word, patients with HER2-positive or basal-like tumors expressing high mRNA levels of NK-activating ligands were 42-45% less likely to die than patients with low expression levels of these ligands, whereas patients with luminal A/B tumors were 26-27% less likely to die. Thus, high mRNA expression of NK-activating ligands, as a whole, is associated with 16-18% more chance of survival in patients with HER2-positive or basal-like BC than in patients with luminal A or luminal B BC.
On the other hand, except for COL3A1 that correlated with worse RFS in all BC subtypes, all the ligands that bind NK-inhibitory receptors were associated with better RFS mainly in a subtype-independent manner (Table 2) . However, the association between these ligands and OS is more variable and subtype-dependent (Table 2) .
Taken together, these results indicate that NK receptor ligands, whether activating or inhibitory, are mainly associated with favorable RFS. When taken individually, the prognostic value of some NK receptor ligands is independent of BC subtypes while for others it is more subtype-specific. Interestingly, the favorable prognostic influence of NK-activating ligands' upregulation, as a whole, is higher in HER2-positive and basal-like BC subtypes.
Association between the prognostic role of the mRNA expression of NK receptor ligands and the lymph node status of BC patients
The most significant prognostic indicator for patients with early-stage BC is the presence (lymph node positive) or absence (lymph node negative) of axillary lymph node involvement [134] . Therefore, we next checked whether the prognostic influence of NK receptor ligands might be dependent on the lymph node status in BC patients (Table 3 and Figure 3) .
Among all 21 NK-activating ligands, only CD27 was associated with longer RFS in both lymph node negative and positive BC patients (Table 3) while three ligands (AICL, MICB and SLAMF6) were associated with longer RFS specifically in lymph node positive BC patients but not in lymph node negative patients (Table 3) . However, none of the NK-activating ligands specifically associated with better RFS in only lymph node negative BC patients (Table 3) . On the other hand, three ligands: BAT3 (only in lymph node negative BCs), CD70 (only in lymph node positive BCs) and ULBP2 (in both lymph node negative and positive BCs) correlated with shorter RFS (Table 3 ). The prognostic significance observed for RFS correlated with OS for AICL, CD27, CD70, and MICB ligands but not for SLAMF6, ULBP2, and BAT3 ligands (Table 3) .
Regarding the NK-inhibitory ligands, HLA-B and PDL1 on the one hand and CLEC2D, COL3A1 and HLA-A on the other hand were associated with longer RFS specifically in lymph node negative and lymph node positive BCs, respectively (Table 3) . Among these, the association with RFS of only HLA-B correlated with OS (Table 3) . Regarding the ligands that can bind both NKactivating and inhibitory receptors, they all significantly associated with longer RFS in lymph node negative BCs but this was also true in lymph node positive BCs for only NECTIN2 (Table 3) . The association between the mRNA expression of these ligands and OS was more variable depending on the lymph node status (Table 3) .
NK-inhibitory ligands
Overall, although the median HR values for all NK-activating ligands were similar between lymph node positive and lymph node negative BCs for both RFS and OS ( Figure 3B ), more NK activating ligands were associated with better prognosis in lymph node positive BC patients (4-8/21, 19-38%) than in lymph node negative BC patients (1-6/21, 4.7-28.1%), for RFS-OS, Figure 3A) . However, no tendency could be observed for the ligands that can bind NK-inhibitory receptors.
Association between the prognostic role of the mRNA expression of NK receptor ligands and the BC pathological grade
In addition to the molecular subtype and lymph node status, the tumor pathological grade is another factor that affects treatment choice and cancer patient prognosis. In BC, grades I, II and III are ascending indicators of how quickly a tumor is likely to grow and spread by describing the abnormality of the tumor tissue based on the tubular differentiation, nuclear features and mitotic activity of tumor cells. Therefore, we also checked whether the prognostic influence of NK receptor ligands might be affected by the breast tumor grade (Table 4 and Figure 4) .
The NK-activating ligands B7-1, B7-2, CD48, CD58, CD72, MICB, SLAMF6, SLAMF7 and TNFSF9 were associated with longer RFS specifically in grade III tumors while AICL and CD27 were associated with longer RFS in grade II and grade III tumors. None of the NKactivating ligands was of favorable prognostic value in grade I tumors. The longer RFS that was associated with high mRNA expression of NK-activating ligands strongly correlated with longer OS for AICL (grade III only), B7-1, B7-2, CD27 (grade III only), CD48, CD72, MICB, SLAMF7 and TNFSF9 (Table 4) . On the other hand, high mRNA expression of MICA associated with shorter RFS and OS specifically in grade III tumors, whereas ULBP2 was associated with shorter OS specifically in grade III tumors (Table 4) .
Overall, 11-10/21 (52.5-47.7%) NK-activating ligands were associate with favorable RFS-OS in grade III BCs, 2-0/21 (9.5-0%) in grade II and 0-0/20 (0-0%) in grade I ( Figure 4A ).
Among the NK-inhibitory ligands, HLA-B was significantly associated with shorter RFS in grade I tumors but with longer RFS in grade III tumors. On the contrary, COL3A1 was significantly associated with shorter RFS and OS in grade III tumors but with longer RFS and OS in grade II tumors. On the other hand, HLA-A, PDL1, and PDL2 associated with longer RFS and OS specifically in grade III tumors ( Table 4) .
The NK-activating and inhibitory ligands were significantly associated with longer RFS in grade II and/ or grade III tumors (Table 4) .
Taken together, as per NK-activating ligands, the favorable prognostic values of most NK-inhibitory and NK-activating and inhibitory ligands were associated with high grade BCs; 0-0%, 36.4-9% and 72.7-54.5% of these ligands associated with longer RFS-OS specifically in grade I, II and III BCs, respectively ( Figure 4B ). 
NK-activating and inhibitory ligands
Association between the prognostic role of the mRNA expression of NK receptor ligands and the p53 status in BC patients
In BC, mutations in the tumor suppressor gene p53 are present in 18-25% of primary BCs and are associated with more aggressive disease and worse prognosis [135, 136] . In order to test whether the prognostic value of NK receptor ligands might be affected by the p53 status, the association between mRNA expression of these ligands and survival were analyzed in patients with p53 wild-type and p53 mutated BCs (Table 5 ). The prognostic values of individual NK-activating ligands differentially associated with the p53 status ( Table 5 ). For example, AICL, CD48, and MICB were associated with longer RFS in both p53 wild-type and p53 mutated BCs (Table 5 ) which correlated with longer OS for only CD48 (p53 mutated). However, B7-1, B7-2, CD27, CD72, SLAMF6 and SLAMF7 were associated with longer RFS specifically in p53 mutated BCs, which correlated with OS for all except for B7-1 and SLAMF6. In contrast, high mRNA expression of MICA correlated with longer RFS specifically in p53 wild-type BCs without any significant association with OS. As for the NKactivating ligands that correlated with worse prognosis, ULBP3 on the one hand and ULBP2 on the other hand were associated with shorter RFS specifically in p53 wild-type or p53 mutated BCs, respectively (Table 5 ). Regarding the ligands that can bind NK-inhibitory receptors, they were mostly associated with longer RFS in p53 mutated BCs (Table 5) .
DISCUSSION
Despite a significant piece of experimental and clinical evidence supporting the role of NK cells in BC control, BC still develops and progresses to form large tumors and metastases [22, [25] [26] [27] [28] [29] [30] [31] [32] [33] . Several mechanisms of cancer escape from NK immunity were proposed [137] . Among these, BC cells modulate their immunogenicity mainly by altering the expression of ligands for NK cell activating and inhibitory receptors; thereby stimulating a state of immunological tolerance by rendering themselves invisible to NK cells. This mechanism of cancer cell escape from NK immunity is frequently observed in solid tumors including BC [137] , which suggests that NK receptor ligands' expression may have prognostic significance in BC patients and may help identify candidates for NK-based immunotherapies. Therefore, in the present study, we firstly performed systematic literature screening to identify and select all NK-regulatory ligands for NK receptors known to date. In total, we identified 39 ligands for NK activating and inhibitory receptors. Then, we utilized the KM plotter platform to investigate whether the expression of these ligands may influence RFS and OS, and predict prognosis in BC patients and whether these effects may differ by molecular subtypes and other clinicopathological features.
Among the 21 analyzed NK-activating ligands, the high expression of 16 (80%) ligands significantly correlated with better RFS in all BCs, suggesting a protective role of these ligands against cancer progression. However, while the longer RFS correlated with longer OS for about half of these NK-activating ligands, the results showed no significant difference in the OS between the two groups of patients with different expression levels of B7-1, B7-2, CD70, MICB, TNFSF9, ULBP1, and ULBP4 or showed worse OS for high expression of MICA and ULBP3 ligands. This absence of correlation between better RFS and OS can be the consequence of the limited efficacy of the second line therapy in the group of patients with high expression of these ligands. This limited treatment efficacy can also be the result of a first line therapy-induced selective advantage of recurrent tumors that are resistant to the subsequent treatments, thereby accelerating cancer progression and patient death. Therefore, patient management should be optimized after relapse or even before to prevent later recurrence of more aggressive tumor. In this regard, NK-based therapy such as the adoptive transfer of NK cells expressing (endogenously or by genetic engineering) the activating receptors for these ligands might be a potential strategy to improve OS of these patients. However, if the treatment is considered after relapse, the maintenance of the expression of the NK receptor ligands in the secondary tumor should be tested. Furthermore, as mRNA expression does not necessarily correlate with protein expression in all cases, the expression of a considered ligand should also be tested at the protein level to predict a potential response to an NK-based treatment.
On the other hand, other NK-activating ligands (i.e. BAT3, CD58, and ULBP2) were unexpectedly associated with worse prognosis suggesting that these ligands are markers of more aggressive tumors. Although the high expression of these ligands is expected to enhance tumor cell elimination by NK cells, these lymphocytes might be either absent in these tumors or unresponsive to these ligands. The possible unresponsiveness of NK cells to these ligands expressed by cancer cells can be the consequence of tumor-induced deregulation of the expression of their cognate receptors on the surface of the NK cells. In fact, BC cells can release immunosuppressive molecules such as transforming growth factor-β1 (TGF-β1) and soluble MICAs that can downregulate the activating receptors and upregulate the inhibitory receptors on NK cells, as a mechanism of tumor escape from immune surveillance [137] . Another hypothesis might be that in addition to their role as ligands for NK-activating receptors, these genes might also have another NK-independent pro-oncogenic function, which confers increased aggressiveness to the tumor cells. Accordingly, BAT3 has been shown to play a role in the induction of the cell cycle progression by regulating p21 protein [138] and protection from apoptosis by inducing the anti-apoptotic YWK-II/APLP2 protein stability [139] . Furthermore, CD58 can promote the selfrenewal of tumor-initiating cells by upregulating the Wnt/ β-catenin pathway [140] . However, to our knowledge, no NK-independent oncogenic function of ULBP2 has been identified to date. Whatever the mechanism involved, the association of these NK-activating ligands with shorter time to relapse and survival suggests that BC patients expressing high levels of BAT3, CD58, or ULBP2 may be favorable candidates for NK-cell based therapy. A possible therapy would be the adoptive transfer of NK cells expressing receptors for these ligands (i.e. NKp30, CD2, or NKG2D) to induce the elimination of residual tumor cells, prevent relapse and improve patient survival. Since the activity of NK cells is negatively regulated by the engagement of their inhibitory receptors, high expression of the NK-inhibitory ligands (CEACAM1, CLEC2D, HLA-A, HLA-B, PDL1, and PDL2) was expected to be associated with worse prognosis. However, except for COL3A1, the NK-inhibitory ligands were associated with favorable prognosis, suggesting that these ligands might have a cancer-protective role in addition to their function as NK-inhibitory ligands. Indeed, the expression of MHC class I molecules (HLA-A, HLA-B, and HLA-C) on cancer cells allows their detection and destruction by T cell lymphocytes [141] . Accordingly, downregulation or loss of these molecules in BC and other cancers increases metastasis to the lymph nodes and other organs [142] . Furthermore, CEACAM1 is an adhesion molecule that is regarded as a tumor suppressor and was found to regulate tumor growth and apoptosis in many types of cancer including BC [143, 144] . On the other hand, although PDL1 expression by tumor cells is believed to mediate inhibition of local immune response by down-modulating tumor-infiltrating lymphocyte (TIL), including NK and T cell, function, survival, and expansion [145] , our study defines high PDL1 expression as a positive prognostic biomarker in BC, in agreement with other studies [146, 147] . This survival result might be due to the presence of a strong antitumor immune response leading to PDL1 expression. In fact, it has been shown that TILs can release cytokines including interferon-γ that upregulate PDL1 expression on tumor cells [145, 146, [148] [149] [150] ; thus indicating a strong anti-tumor immune response.
NK-inhibitory ligands
Importantly, our finding that high expression of most ligands for NK-inhibitory receptors is associated with favorable prognosis and accordingly low expression of these ligands is associated with worse prognosis is of high therapeutic interest. In fact, this finding suggests that in patients with worse prognosis, the low expression of NK-inhibitory ligands would reduce the inhibitory signals for NK cell activation and enhance their cytotoxic potential towards tumor cells; thereby increasing the chances of response to NK-based therapy. Accordingly, we suggest that BC patients with tumors expressing high levels of the NK-activating ligands that would mark worse Analysis of the association between the prognostic role of the mRNA expression of NK receptor ligands and the different BC subtypes showed that the prognostic influence of CD27, CD48, MICB, SLAMF6, TNFSF9, ULBP1, HLA-C, NECL5, COL3A1, HLA-B, PDL1, and PDL2 is independent of the BC molecular subtype whereas the effect of the other NK receptor ligands on patient relapse and survival may vary between the different BC subtypes. Interestingly, the favorable prognostic influence of NK-activating ligands, as a whole, is higher in basal-like and HER2 types in comparison to luminal A/B. This is probably due to the different types of conventional therapeutics used in the different BC subtypes. In fact, chemotherapy (by further enhancing the expression of NK-activating ligands or reducing the expression of NK-inhibitory ligands on tumor cells) [151] and HER2-targeted therapy (by Trastuzumab-induced NK cell-based antibody-dependent cell-mediated cytotoxicity, i.e. ADCC) [152] were shown to increase cancer cell sensitivity to NK-mediated cytotoxicity which could act synergistically with the basal high expression of NKactivating ligands in basal-like and/or HER2-positive BCs. In contrast, tamoxifen, which is widely used in endocrine therapy for ER-positive (luminal A and B) BCs, was shown to inhibit NK-mediated BC cell death by inducing the expression of the granzyme B inhibitor (serpentinB9/ proteinase inhibitor 9), making these cells less responsive to NK despite the high expression of NK-activating ligands on their surface [153] . Furthermore, we could observe that the favorable prognostic influence of NKactivating ligands was significantly higher in lymph node positive and grade III BCs than in lymph node negative and lower grades BCs. This could be the consequence of a higher NK cell infiltration of lymph node positive and grade III BCs than in lymph node negative and lower grades BCs [154, 155] . Thus, therapeutic approaches that can harness the cytotoxic potential of these lymphocytes might improve tumor management and survival in BC patients with lymph node involvement and/or grade III tumors that are; therefore, initially classed as having a poor prognosis.
NK-activating and inhibitory ligands
In BC, NK cell-based immunotherapy can have four main approaches [24] : 1) direct administration of these immune cells genetically modified and/or stimulated ex vivo. 2) administration of drugs, mainly cytokines, to stimulate NK cells in patients themselves. 3) targeting therapies with monoclonal antibodies (such as trastuzumab for HER2-positive breast cancer that triggers NK cellmediated ADCC. 4) use of immunomodulatory drugs such as TGF-β1 or TGF-β1 receptors inhibitors or blocking antibodies for NK-inhibitory receptors.
An increasing number of research studies trying to harness NK cell function against cancer cells were recently performed [24, 31, 32, 156, 157] . However, to date, in contrast to other types of cancer such as leukemia, neuroblastoma and glioblastoma, clinical trials using NK cell-based immunotherapy in BC failed to improve clinical outcomes [24] . Therefore, in order to develop effective anti-BC immunotherapy approaches and benefit from the high anti-tumoral potential of NK cells and their safety towards healthy tissues, it's crucial to determine and consider predictive biomarkers for NK-therapy responsiveness in BC patients.
In conclusion, in BC, all NK receptor ligands were found to be of valuable potential prognostic biomarkers, that can or cannot be affected by the different BC subtypes or clinicopathological features depending on the individual ligand considered. The favorable prognostic influence of NK-activating ligands' upregulation, as a whole, was mainly significantly associated with HER2-positive and basal-like subtypes, lymph node positive phenotype and high-grade tumors. Furthermore, we identified two groups of BC patients with specific expressions of NK-activating ligands as potential candidates for NK-based therapy such as adoptive transfer of NK cells expressing receptors for these ligands. Those include patients with tumors whose NK-activating ligand is associated with higher RFS but no effect or worse OS as well as those with tumors whose NK-activating ligand is associated with worse RFS and/or OS. In addition to the high expression of the specific NKactivating ligand, these tumors of worse prognosis would be more likely to express low levels of NK-inhibitory ligands; thus, reducing the inhibitory signals for NK cell activation and enhancing their cytotoxic potential towards tumor cells. These tumor characteristics might increase the chances for successful NK-based immunotherapy in BC patients by eliminating residual tumor cells, preventing relapse and improving patient survival; thus highlighting the importance of further exploration of the prognostic and therapeutic implications of NK cells in BC in both research and clinical settings.
MATERIALS AND METHODS
Identification of the NK-regulatory ligands for NK receptors by literature screening
NK-regulatory receptors (expressed on NK cells) and their respective ligands (expressed on target cells) discovered to date, in humans, were identified by systematic literature screening in Pubmed. First, the keywords "NK" or "natural killer" and "receptor" were used to identify the potential NK receptors and ligands. Then, further literature search was performed, using the keywords "NK" or "natural killer" and "potential NK receptor name" and "potential ligand name" to select all ligands for which articles containing original research data confirming both their interaction with the NK receptor www.oncotarget.com and their regulatory effect on NK activity and cytotoxicity towards the target cell. The exclusion criteria are the ligands that would have been found to bind specific NK receptors without confirmation of their regulatory effect on NK cell activity towards the target cells because these ligands might interfere with the overall conclusions of the study independently of the potential role of NK activity. The selected NK-regulatory ligands for NK receptors are presented in Table 1 and grouped into NK-activating, NK-inhibitory, or NK-activating and inhibitory ligands depending on the biological effect of their interaction with their receptors on NK cells (i.e. activation or inhibition of NK cytotoxic activity towards target cells).
Analysis of the prognostic values of individual NK receptor ligands in BC patients by using the KM plotter
The correlation between NK receptor ligand members' mRNA expression and BC patient survival (RFS and OS) was analyzed by KM plotter platform. The analysis included 3955 BC patients for RFS and 1402 BC patients for OS. The BC patients were followed up for 20 years. The prognostic value of each ligand was evaluated either on all the BC tumors or by using several clinical BC criteria and classifications including intrinsic subtypes (luminal A, luminal B, HER2-positive and basal-like) and clinicopathological features (lymph node status, tumor grade, and p53 status). Briefly, individual members of the NK receptor ligands were entered by using their gene symbol into the KM plotter platform. The probe set with the estimated excellent quality (green) was used (the probe set ID for each ligand is indicated in Table 1 ). "Auto select best cutoff" was chosen in the analysis [158] . Different clinical parameters were selected. Thus, BC samples were split into high and low expression groups according to the cutoff value and the two patient cohorts were compared by Kaplan-Meier survival plots. The hazard ratio (HR) with 95% confidence intervals (CI) and log rank P value were calculated then were adjusted using false discovery rate (FDR) for multiple testing correction. All p values indicated in the manuscript are FDR-adjusted. HR < 1 implies better survival for high expression group, HR > 1 implies worse survival for high expression group, and HR = 1 implies no effect of ligand mRNA level on survival. The data is considered to be statistically significant when FDR-adjusted p value < 0.05.
